The krm "hibemalina" myocardium has hen appliid lo chronic kfi vmdrktdar dy~funciion~z4lhoui angina or is&ndc ekclroeardiogtaphk changes in patients with cwonary artery disease lhdt is Over the past 20 years. several groupr of inveaigatorr I l-61 using inert gas techniques reported that regional and global myocardial tissue perfusion rates were reduced in parienr\ with arteriognphically signiii.zanl coronary artery k&n\. The reductions in coronary perfusion wxc accompanied by regional and global ventricular dysfunclion: bo~cver. for reasons that were unexplained. the patient% did not manifc\l angina pectorio. ischemic electrocardiographic IECG) changes or release of lac~e into the coronary Gnu at rest. Studies (l-3) also indicated that restoration of normifl coronary Row by revascubu.ration in Smiler pstientn WA\ a\\o-rumpdon ritbout met&k ahaormditks trsd~ially &a!rd sith "ischrmia" observed in the firsI &ax provbM evidence in &ted ndh Improved regional or global ventricular performance. II MS postulated t 1.51 that in rerponse to chronic reductionr in coronary perfusion. the heart ad$Ws its level of mechanical function downward. thereby !imiring ischemia and infarction. The term "hibernating myocardium" was coined lo dcxribe these findings of chronic left ventricu:lr d)\funcbon lhal is reversible by increasing coronary bloml flow (7-V). Hibemaling myocardium has been distinguished from "myocardlal sxnning." which is the prolonged postischtmic dysfunction that occurs without necrosis of cardiocyre\ after Gngle or repetitive brief episodes of coronary hypoperfuvon 19). Because the usual signs of imbalance b.~ween myocardial oxygen supply and demand arc often not pre~l. the nalure of the biochemical abnormality und&y!ng Ihe contractile dysfunction of the hibernating myocnrdium has not yet been explained. Tltr c ortplinl: hcrtrcrtt coronary bl00clj%tv rend rhr conmWilr pr~:fi~rmunrr of rhe heart i$ incon&%+ amierrr~~~i. There IS abundant evidence ,101 that in animals and humans with a normal coronary circulation. the level of myocardial capillary blood Row is related linearly 10 Ihe rate of myocardial oxygml consumption. which in turn is determined by the contractile behavior of cardiac muscle (primar-
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other evidence indicates that coronary pafusion can also determine the performance characteristics of the rnyocardium. Gregg (IO.1 I) reported that increases in coronary artery perfusion pressure were associated with increased myocardial oxygen consumption and improved contractile performance, nn occurrence that has been named the Gregg phenomenon (IO-121. In analogous experiments using a variety of animnl preparations and isolated perfused hearts, other workers (13-30) have shown that reductions in coronary artery perfusion were accompanied by a reduction and eventual loss of cardiac mechanical performance. Extreme reductions in coronary perfusion were also associated with reductions in high energy phosphorus-containing compounds in the myocardium and a rapid and extreme decrease in cardiac force generation (19-21.26-28) . Other exuerimenla.1 studies (23.24.27) indicated. however. that more modest reductions in coronary blood Row may also be associated with n decrease in contractile performance of the cardiac muscle. particularly in the subendocardium.
In the present study. Phosphorus-31 nuclear magnetic resonance (NMR) spectroscopy was used to monitor rnyocardial high energy phosphate metabolites and pH in isolated perfused rat hearts whose contractile function was being measured. Graded reductions of coronary artery perfusion pressure were produced in the hearts ns major det&minants of myocardial oxygen consumption (end-diastolic pressure, afterload and heart rate) were controlled. The data were analyzed to ascertain whether alterations in the content of metabolites that influence the respiration of mitochondria (adenosine diphasphate [ADPI. nicotinamide r&nine dinucleotide INADHI. oxygen [OJI could explain coupling hetween the rates of coronary perfusion and myocardial oxygen consumption.
Methods
Experimental proioeol. Rat hearts were isolated and perfused initially for 25 min at 66 mm Hg. Thereafter, +aseline phosphorus-31 NMR spectroscopy acquisitions and measurements of coronary Row. lactate production and peak systolic pressure and the first derivative of pressure (dP/dt) were obtained over IO min. Phosphorus-31.NMR spectroscopy acquisitions were obtained during the last 8 min of this IO min period. Coronary Row and lactate production were determined from effluent samples collected in minutes 5 to 8. and peak systolic pressure and dP/dt were determined from recordings obtained between 3 and 5 min of this IO min period. Thereafter, the height of the perfusion column was rapidly (2 to 3 s) decreased by 8 cm to the next perfusion pressure (58 mm Hg) and all measurements were repeated. This cycle was repeated using perfusion pressures &51,44, 36 and 29 mm Hg. after which the perfusion pressure was returned to the baseline level of 66 mm Hg and tneasurements were repeated a final time. Thus, a total of seven perfusion pressures were studied for each heart during a total experimental time of 70 min. At the end of the perfusion period. the beart was removed from the experimental appa ratus. the atria and great vessels removed, the heart gently blotted and the whole heart wet weight determined. Selected hearts that were fixed and subjected to histologic examination revealed no evidence of myocardial necmsis.
Experimental preparation. All animal experiments were performed within guidelines for animal research established by the National Institutes of Health, using a protocol approved by the Columbia University Institutional Animal Care and Use Committee. Male Wistar rats (average weight 350 to 400 gl were used. Approximately I h before the induction of anesthesia, the rats were given an injection of hewin (I.030 U/kg intrureritoneallvl. Thev were aneshet&d with ketan&e (t&t mg/ml) fontaining 4% acepromazine (I to 2 ml/kg intmmuscularly). After thoracotomy. the heart was quickly excised and arrested is iced iaoosmotic saline solution containing 20 mM potassium chloride (KCI). The heart was then rapidly cannulated and perfused at 66 mm Hg by way of the aorta with a nonrecirculating Langendoti petfusion apparatus. The oxygenated (95% oxygen/S% carbon dioxide) perfusate contained II8 mM so&urn chloride, 6 mM KCI. i.S mMcalcium chloride, I.2 mM magnesium sulfate, 0.5 mM dirodium ethylenediaminetet acetate, 4 mM glucose, 25 mM sodium bicarbonate atid 20 U insulin/liter and was maintuined at 37°C.
A&r insrirution of rerrogrode Jlow. a compliant latex balloon was inserted through the left atrium into the left ventricle to measure myocardial function. The balloon was connected to a Statham-Gould transducer by a length of polyethylene tubing. Measuren~ents were recorded on a physiologic recorder (model 7. Grass Instruments). Both peak systolic pressure and its first derivative (dP/dt) were continuously recorded after the volume in the balloon was adjusted to set the end-diastolic pressure to 5 tutu Hg.
Two platinum-tipped pacing e&odes were attached to the atria and connected by silver leads lo agar-filled salt bridges (0.9% saline wbtion. 6% agarose in PE 240 tubing approximately 2 feet in length) connected to a Grass mcdel S4 stimulus generator. The heart was paced at S Hz !SXl beatslmin) using a stimulus duration of 2 to 4 ms. A 20 mm glass NMR tube (Wilmad) war raised over the heart and attached to the perfusion appmtttus. The top ofthe NMR tube was not sealed and was left open to room air. A suction line lawered to the bottom of this NMR tube collected any effluent as soon as it dripped off the heart. Timed collections of this eftluent were used to measure coronary flow rate and myocardial lactate umduction. Efikteni collected in this fashion could not b; used to measure myocardial oxygen consumption because the perfusate equilibrates with room air. especially at low Row rates. Consequently, a separate series of matched experiments was performed outside of the spectrotneter to determine the relation of perfusion pressure to oxygen consumption.
Phosphorus-31 NMR mear"remena.
The perlured hear, was studied in 3 Eruker wide-bore AM IW rpcctromerer with a 20 mm phosphorus-31 probe. Acquisitionr were obtained by summing transients In = 264) over R min into a 4 K block after the aQplication of a 30" pulse every 1.8 s When these acquisition variab!cs are used. significant saturation does not occur (31!. Free induction decays zere exponentially multiplied by a factor of 30. Fourier tmnsformed and plotted. Baseline values were estimated vaually and peaks integrated blindly without regard to perfusion pressure by two investigators (A.M.K.. A.C.W.) and averaged. The reproducibility of this technique has previou-ly been reported (31). Areas obtained using hand inlegation in our laboratory also correlate well with computer integratmn using an objective computer baseline correction llinite automation and extrapolationl and curve fitting (LevenhegMarquardt) routine (NMRI. New Methods Research). All relative molar concentrations determined by NMR spectro~. copy were normalized to IoO%. the value at the initial control perfusion pressure 164 mm Hgl. Oxygen consumptbm me2~uremens. Oxygen consump tion was separately measured in Ihe heart perfused outside of the \pecIroroeter to confirm that reductions in coronary artery prebwe were accompanied by a linear reducrion in oxygen comumption 137.381. In these experiments. the heart was excised and perfused identically as previously descnhed. except lhat coronary sinus drainage was obtained from a cannulated pulmonary artery and sonic perfusate was ohtamed from B "I" connection placed in the perfusion column juhl above the heart. Orytw~ consumpdon was determined with the formola: It ha> heen reponed prewou\ly (44.46-49) that iocrcae\ in hean work and oxygen conwnphon were arwciated wrh increares m myocardval ADP. Thus. nt was of interest to asccr:ain uhclhcr ADP. oxygen consumplion and hean work were decreased by a reduction in coronary artery perfusion prewure. Figure 5 \how\ Ihe ADP conceniralion as a fuuncl~on of perfusion pressure. Despite an almost fourfold reduclion in oxygen consumption as perfusion pressure wa\ lowered from 66 lo 36 mm Hg (Fig. 31. [here was no rlanificanl reduction in the concentration of ADP (Fit. 71. At lhc low% pctiu5ion preswre (29 mm Hgl. ADP co&ra-lion increased.
L~:hte production. Ii bar been suggested OJ-53) lhal changn m Ihc rmmchondrial NADHINAD raio may regotilte myocardiad oxygcnconsumption intheglucose-perfused heart. Mnochondrial NADH in intact oerfwd orcans can be measured with surfw lluorometry. but the technique is limwd bccaac glycolysis must be inhibiled 10 aoppress fluorescence from the cytoplasmic NADH pool and only !hc NADH m 111.: :op wrfxe leyerofcellscim bee*amincdf54). Kobeyahi ani Necly 153.551. using the isulaed glucoseperfused rat heart. demonwated that lactate production csllmaled from coronary sinus lactate concentration and Row corrcla~es with the mitochodrial NADHiNAD ratio and oxygen consumption during pericds of increased myocardIal work. Although rhis approach is ICM direct :han surfwc flooromctry for the determinaliun of milachondridl NADH. il has the advantage lhst Ihe tacmf~ production m~a~uremenl~ are reprerenla~ive of Ihe cntirc hcan and not just the epicardial surface. Accordingly. we compared myocardial lactate production with coranry artery perfwinn pressure in the same IS hearts IFig. 8). Lactale production remained a; values not significanrly diiferenl from conlrol values as prcawe wa reduced from 66 to 36 mm Hg: myocardial lactafe production incrrased. howewr. when the perfusion pressure was reduced to 29 mm Hg.
Discussion
A model of hibernaling myocardium: two metabolic patterns. The results of these experiments in isolated perfused beans in which hean rare and ventricular volume (prelcad and afterloadl were controlled indicate that sustained and reversible reduction in ventricular contractility can be produced by reducing coronary artery pressure and Row. The induced depressions in cardiac contractile function were no, associated with myocardial necrosis, but were associated with parallel reductioils in myocardial oxygen consump. lion. which acted 10 reduce the tendency toward ischemia. Thus, the syndrome of hibernating myocardium was mimicked in vilm. Similar reductions in venwicuiar performance with induced graded reductions in coronary anery prerwe and Row have also been observed (I I-28.56) in isolated perfused guinea pig and ferret hearts, isolated bloodperfused rabbit heArts and sepia! preparations and intact dog% and pigs.
As will be dkrussed in more detail subsequently. the phosphorw3l NMR da!a obtained rimullaneou~ly with the funclional mraswements indicate that myacardial "hibema-[ion" may he associated wilh two metadolic petterm. With modest redbctions in coronary artery pressure and Row. there i> only minimal metabolic abnormalily, no or slight reduction in crearinc phosphate and no significanr change in ATP. p't or lactate formation. With greater reduclions in coronary artery pressure and Row. creatine phosphate decreases more. ATP IcvcIs and pH decline an; there is an increae in laclate formaliox consistent with enhanced glycolysis. These mclabalic abnormalities are returned to conlrol levels with resmrrdion of coronary artery pressure and now.
Relation between roronary mlery pressure and Row and vantricular fundion. The iinrar relation bctwcen coronary way petiuaioo prc~ure and Row is consistent with the lack of coronary autoregulation in rhr is&red pettused hean.
Simdar decreases in vcnlricular perftirmance wth mduced graded reducbon\ in coronary artery pressure and flow have been observed in Ihe !\olaled Lzngeendorff pctiu~ed heart ~13.14.18.19.?6). blood-pelfurcd rabbn hean .md dog, and pip l17.??-251. In Ihe studies of Vamer (23). wbcndomrdlzd mechanical performance in does meawed with uluxooic crystals be& to decrease with wbendocardral blood RN reductions of onlv 10% and ceased with Buw reducrlonj >9oW. In Ihc p&t experiments. cardiac ~onlrx~de pcrformance decreased progressively wilh the fir\1 three reductions in coronary artery pressure and Row before thcrc acre any biochemical changes compatibls allh our current concepts of myocardial ischemia. Specifically. there !!a\ no significant reduction in Ihe myocardial conrent of ATP and myocardial pH or increase in lactilte production urml the coronary perfusion prewre waq reduced to 36 mm Hp.
Possible mechanism for contractile dysfunction. The mechanisl responsible for the altered comrxule performance during graded reductions in coronary artery pre\\ure and Row has not been eslabliched definitively. .Arnold CI al 1141 proposed lhet alterations of coronary preswre. by changing distension in the coronary anery tree. mduced propanional increases or decreae\ in myofibrillar wrcomere lenmh. that could augment or dimmlsh corwac~~oo h) the Frank-Starling mechanism. Evidence for Ihi\ "g;~rden hose" effect has been marrhalled , IJ-161. Houerer. decreases in coronary anery Row hare been per;dleled h! reductions in oxygen consumption in fihrilktling and arread perfused hearts (18.38,~6.57). Other inre\ligslor\ obterwd parallel changes in cardiac performance ahcn coronwy artery Row wb reduced or increaretl al con~tao~ pctiwion pressure (46) or when myoaardiol oxygen deliver) \%a* increaed or decreased at relatively coxum level\ 01 corunary perfusion by altering Ihe hem;ltocrit in iwlsted hluodperfused hearts (27). Recend~. c\periment\ ISX.SYI m Ihe isoialed perfused ferret heart qhoued that ~ncrciia or decreases in coronary artery per&ion prcw~rc and llou were accompwded by increaa or deerwe\ in dewloped systolic pressure and calcium tmnGcnt\ ailhin the c.irdi;w rnyacytes. The sllcralwnr in calcium Lrm&xl\ m those experiments (58.591 were di\.ocialed from par.dlel idtep illion> in end~diarlulic volume. !I hich argued aga:o~! opcration of the garden how or Frank-Svarhng mechsnw to explain the altered mechanical prrformsnce.
The meubolic data in the prewl \tud) mdacaw Ihat myocardial oxygen conumptiun and car&w \y\lulic pcrli~. m~ncc decreared progreairel! aith each rcducuon I" curonary x,ery perfuwn pre\wre and tlow Hoac\er. Ihe concenwadon of ATP did no, decrc;~\c helou control \:duc\ until a perfusion prewwe of 36 mm Hg ua! rexhcd. Thw. a reduction m avai!ahle ATP cannel explain the nduced conwaclilit) oh\erved at Ie!cl* helacen 66 and 36 mm Hp unler\ me %xculo1c~ Ihat lhcre mleht have heen ii reduction Rcdrrt ,,,I,,$ I,, rrr~,rrur,linl pH ha\c bee,, demon,,ia,sd 147.1X1 1~ ~mcllerc with the contraclilc funcrron of crrdarc myoc)~c\. prramably by inhihiling the interaction betueen i-alrwm IO"\ and IroponinC of the actwmyoGn complex. Xlvaca!ial pH erlimaled from the pho\phoru+ll NhlR \pectroxcop! meawemenl\ did not decreax Ggnleanrl~ in rhc pre\em rxperimcni~ unld Ihe coronary perfwion prcv rure ,\:I\ reduced to 36 mm Hg. the Ic>el a, whsh lacwe produclwn h! the heart began IU increw rigndicandy. Thu. the proprc\we decreaer m contractile performance obxer\cd ulth reductionr in corona) arter) perfusion prerure from 66 IO 36 mm Hg wmot be altnbutcd 10 intracellular .sldo\,,.
cr!,tsllad-perfu,cd ferret hurts. Addltionall) Manhll 1271 ~od~cd hiph energ! pho*piwe\ to :t blood-petiuked rahhit heari model and did not find chnngcre, in crealinc nhowhul: or -\TP land hv inference H.PO. 1 durinr iniliill . _ rcouclionr m coronar) llou and press&e lhal \rerc BIXXIiatrd %nh reduced con~rac~ilc performance. Seq,,e,,ee I$ me,abDlie rhangen. Bccaw phwphorus-31 NllR \pcctrwcop) can ptrtentially be applied 10 the \lady of pwen~~ u tth reduced cownor) pafu\ion due to coronary athcrorclcrow. the pre\enl experiment\ !\ere alw derigned II) comp.oc different melahohc and funclional indew a\ coron;q xtery per&ion and JON were decrewed in a controlled farhmn. The data indicate lhat BC coronxy arler) prcw~re :md flow acre reduced. the fir\! oher\~shlr change IL.!\ in \!wlic performance. follox\ed by a decrexc m Ihe phu*phucrc;lllnelinor~oie phosphle ratio Ihen. With furlhur reduclion\ in coronary How. there was a progre\\ive decreaw m ihlr nmo m parallel with rcdocrd ventricular perf~wmancc. Reduction\ in ATP and myocardial pH ocu~rred only ial vcr) Iou perfusion pre~uw 136 and 29 mm Hgl m .!wwariun with the onw of +#wxml incrcixs m m)ocordi.d l.cuw production. Thw. in Ihi* celling. myocardul lxwe producdon Im compariwn with Ihc phosphocreat~winorg;ms pho\phale rauol aas :an inwnrilwe mdicalor of Ihc mw;iclion helwen coronar) anery bloal Row and Ihc oridab!e mc!aboli\m of the heart.
Coupling Mwen rardiae work and melnbdism durhq alter&ms of roronary antry prevure and Row. In the prewm er;penmcnt~. the rate of m!oc;rrdiul oxygen conwmpuon dccreaed linearly I&IS unh contr~~~de perfor-
